Abstract
7, 9, 10). However, these mutations were predominantly point mutations that resulted in 48 amino acid substitutions, and other types of mutations have not been seriously explored. In 49 this regard, isolation and characterization of non-substitution mutations such as the deletion 50 mutation E168del associated with the class A β-lactamase had a significance (7, 11) .
51
PenA, a class A β-lactamase (NCBI reference sequence: YP_439646.1) from the soil 52 saprophyte Burkholderia thailandensis strain E264 (12, 13), has been used in investigating 53 the substrate spectrum extension caused by various mutations (7, 14) . PenA is highly respectively (15) (16) (17) (18) . A third-generation cephalosporin ceftazidime is commonly used for 57 these infections, creating the risk for developing resistance to the drug (19, 20) .
58
In this study, we describe four additional deletion mutations in PenA that confer 59 extension in substrate spectrum, in addition to the previously characterized E168del (14) using primers penA-F and penA-R as previously described (7). PCR products were screened 67 for size reduction using gel electrophoresis, and the products smaller than that from the wild-68 type strain were sequenced with a 3730XL DNA analyzer (Applied Biosystems, Foster City,
69
CA, USA). We identified four deletion mutations in penA: three with a three-base in-frame 70 deletion, T171del, I173del, and P174del, and one with a six-base deletion, R165_T167delinsP 71 (Fig. 1A) . The six-base deletion mutation resulted in a new codon, CCC, coding for P with 72 nucleotides after the partial deletion of the codons for RET (Fig. 1A) . All mutations mapped 73 to the region encoding the omega loop domain (21) (Fig. 1A) . The P174del mutation was 74 generated in a TEM-1 derivative with E168del (11), which was previously identified and 75 characterized in PenA (14).
76
All deletion mutations showed a significantly increased MIC for ceftazidime as 77 determined using the agar dilution method (7) or E-test following the manufacturer's 78 instructions (Liofilchem srl, Roseto DA, Italy) (22) (Fig. 1B) . The ceftazidime resistance was 79 transferrable to a penA-null mutant (7), when a mutated penA was placed into the strain, (Fig. 1B) . This result demonstrated that 81 the deletion mutations were the cause of the ceftazidime resistance. (Fig. 1C) . By contrast, most positions (seven of the ten) that had 86 substitution mutations conferring substrate spectrum extension (7) were conserved with a 87 single residue ( 
95
thailandensis PenA may also apply to other class A β-lactamases. Supporting this notion,
96
E168del and P174del occurred in an artificially constructed TEM-1 derivative (11).
97
Comparison of the deletion mutations with amino acid substitution mutations 98 previously identified in PenA (7) showed that the deletion mutations generally conferred high (Table 2) . However, despite low activity, these 131 enzymes exhibited higher affinity (lower K m values) with nitrocefin than did PenA-WT
132
( Table 2 ). The mutated enzymes also showed increased affinity to amoxicillin (Table 2) , to 133 which they have lost a preponderance of the catalytic activity ( Table 2) . As is consistent with 134 the MIC data (Fig. 1B) , PenA-WT failed to show hydrolytic activity with ceftazidime, while 135 the mutated enzymes demonstrated their acquired activity with the antibiotic (Table 2) . In 136 general, regardless of the actual catalytic activity, mutated enzymes exhibited higher affinity 137 than PenA-WT to the substrates that we tested (Table 2) .
138
To investigate structural changes in the mutated PenAs, we conducted modeling average distances between positions R164 and D179 and variation in this distance (Fig. 3) .
146
Increased distance variation measured between two residues during the MD simulations (Fig. 3) . We postulate that higher conformational flexibility in the mutant omega (Fig. 1C) , suggesting that there is a common mechanism towards the 160 extension of the substrate spectrum shared by class A β-lactamases. Consistently, E168del 
